Pro-inflammatory cytokines secreted by adipose tissue macrophages (ATMs) contribute to chronic low-grade inflammation and obesity-induced insulin resistance. Recent studies have shown that adipose tissue hypoxia promotes an inflammatory phenotype in ATMs. However, our understanding of how hypoxia modulates the response of ATMs to free fatty acids within obese adipose tissue is limited. We examined the effects of hypoxia (1% O 2 ) on the pro-inflammatory responses of human monocyte-derived macrophages to the saturated fatty acid palmitate. Compared with normoxia, hypoxia significantly increased palmitate-induced mRNA expression and protein secretion of IL-6 and IL-1␤. Although palmitate-induced endoplasmic reticulum stress and nuclear factor B pathway activation were not enhanced by hypoxia, hypoxia increased the activation of JNK and p38 mitogen-activated protein kinase signaling in palmitate-treated cells. Inhibition of JNK blocked the hypoxic induction of pro-inflammatory cytokine expression, whereas knockdown of hypoxia-induced transcription factors HIF-1␣ and HIF-2␣ alone or in combination failed to reduce IL-6 and only modestly reduced IL-1␤ gene expression in palmitate-treated hypoxic macrophages. Enhanced pro-inflammatory cytokine production and JNK activity under hypoxia were prevented by inhibiting reactive oxygen species generation. In addition, silencing of dual-specificity phosphatase 16 increased normoxic levels of IL-6 and IL-1␤ and reduced the hypoxic potentiation in palmitate-treated macrophages. The secretome of hypoxic palmitate-treated macrophages promoted IL-6 and macrophage chemoattractant protein 1 expression in primary human adipocytes, which was sensitive to macrophage JNK inhibition. Our results reveal that the coexistence of hypoxia along with free fatty acids exacerbates macrophage-mediated inflammation.
Adipose tissue inflammation is a major driver of obesity-induced insulin resistance and associated metabolic diseases (1, 2) . Its development is attributed to the accumulation of macro-phages and other immune cell types and the overproduction of pro-inflammatory cytokines (3, 4) . Macrophage accumulation is mediated by recruitment of blood monocytes as well as by in situ proliferation of resident macrophages (5, 6) . Additionally, the phenotype of ATM 3 subpopulations shifts from a non-inflammatory phenotype toward a pro-inflammatory phenotype characterized by the production of pro-inflammatory cytokines, which impair adipocyte function and promote insulin resistance (7, 8) .
Of the factors promoting adipose tissue inflammation, elevated FFAs are considered to be of most relevance. Adipose tissue FFA levels rise within 3 days of consuming a high-fat diet (9) . Particularly important in the context of inflammation are saturated fatty acids, which induce the secretion of pro-inflammatory cytokines in macrophages (10, 11) . Saturated fatty acids engage inflammatory signaling pathways through various mechanisms, including direct activation of Toll-like receptor 2 and Toll-like receptor 4 (11, 12) ; disruption of endoplasmic reticulum (ER) homeostasis, causing the unfolded protein response (13) ; and nucleotide-binding oligomerization domain-like receptor family, pyrin domaincontaining 3 (NLRP3) inflammasome activation, causing maturation and release of IL-1␤ (14) .
Adipose tissue is poorly oxygenated in the obese state (4, 15, 16) . Development of adipose tissue hypoxia is multifactorial and is thought to be driven by adipocyte hypertrophy, compromised vascularization (4, 17) , and increased adipocyte oxygen consumption through FFA-induced uncoupling (9) . Recent studies have suggested hypoxia as a potential cause of the inflammatory changes occurring in obese adipose tissue (9, 18, 19) . Hypoxia has been shown to increase inflammatory cytokine secretion from macrophages in stromal vascular fractions (19) . Furthermore, macrophages derived from hypoxic obese adipose tissue expressed higher levels of the hypoxia-related markers Hif-1␣ and Glut1, the inflammatory marker genes Cd11c and Nos2, and the cytokines Il-6 and Il-1␤ compared with non-hypoxic macrophages (18) . These results indicate that adipose tissue hypoxia promotes a pro-inflammatory ATM phenotype. However, the mechanisms by which mediators within the obese adipose tissue initiate this phenotype are not completely understood.
Although saturated FFA-induced pro-inflammatory signaling pathways in macrophages are well documented (11) , it is unclear how hypoxia modulates this response. To address this issue, we treated primary human macrophages with palmitate under both normoxia and hypoxia and assessed their pro-inflammatory response. Our results showed that decreased oxygen tension potentiated palmitate-induced pro-inflammatory cytokine production through enhanced JNK activity. Furthermore, the secretome of hypoxic palmitate-treated macrophages promoted inflammatory shifts in adipokine expression in primary human adipocytes.
Experimental Procedures
Human Macrophage and Adipocyte Differentiation-Human monocytes were isolated from commercially obtained buffy coats from anonymous donors (Deutsches Rotes Kreuz Blutspendedienst Baden-Württemberg-Hessen, Institut für Transfusionsmedizin und Immunhämatologie, Frankfurt, Germany) using Ficoll density centrifugation followed by magnetic separation with positive selection (CD14 MicroBeads, Miltenyi Biotec, Bergisch Gladbach, Germany). Monocytes were differentiated into macrophages by culture in macrophage serumfree medium (Life Technologies) containing 50 ng/ml recombinant human macrophage colony-stimulating factor (Immunotools, Friesoythe, Germany) for 7 days. Following differentiation, cells were cultured in RPMI 1640 medium supplemented with 10% FCS (PAA Laboratories, Cölbe, Germany), 100 units/ml penicillin, and 100 mg/ml streptomycin and maintained at 37°C in a 5% CO 2 /air environment. Hypoxic incubations were performed using a hypoxic work station with 1% O 2 , 94% N 2 , and 5% CO 2 at 37°C (Invivo2 400, Ruskinn Technology, Leeds, UK).
Human primary preadipocytes were obtained from subcutaneous fat from anonymous donors undergoing elective cosmetic surgery (Rosenparkklinik, Darmstadt, Germany) and prepared according to an established protocol (20) . In brief, adipose tissue was digested by collagenase solution (Collagenase NB 4G proved grade, Serva Electrophoresis, Heidelberg, Germany) and then centrifuged to remove mature adipocytes. The stromal vascular fraction (SVF) was incubated with erythrocyte lysing buffer and then filtered through 100-, 70-, and 40-m cell strainers. The resulting preadipocytes were seeded in DMEM/Ham's F12 (1:1) medium (Life Technologies) containing 10% FCS (PAA Laboratories), 33 M biotin, and 17 M panthotenate. To induce adipocyte differentiation, the cells were cultured in DMEM/Ham's F12 (1:1) supplemented with 33 M biotin, 17 M panthotenate, 0.01 mg/ml transferrin, 20 nM insulin, 100 nM cortisol, 200 pM T3, 25 nM dexamethasone, 250 M isobutylmethylxanthine and 2 M rosiglitazone for 4 days, followed by incubation in differentiation medium without dexamethasone, isobutylmethylxanthine, and rosiglitazone for an additional 10 days. Following differentiation, adipocytes were cultured in DMEM/Ham's F12 (1:1) containing biotin and panthotenate. This investigation conformed to the ethical principles outlined in the Declaration of Helsinki and was approved by the ethics committee of Goethe University.
Maintenance of Mice-C57BL/6J mice were purchased from Charles River Laboratories (Sulzfeld, Germany) and bred in the animal housing facility at Frankfurt University. From the age of 8 weeks, animals were fed a high-fat diet consisting of 60% of calories from fat (catalog no. D12492, ssniff Spezialdiäten GmbH, Soest, Germany) for 20 weeks. Mice were housed under conditions that conform to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (publication no. 85-23). All experiments were approved by government authorities (Regierungspräsidium Darmstadt: FU1012).
Isolation and Culture of Stromal Vascular Fractions-Epididymal fat pads from male C57BL/6J mice fed a high-fat diet were excised and minced in PBS with 0.5% BSA. Tissue suspensions were centrifuged to remove erythrocytes and free leukocytes. Adipose tissue was digested with collagenase (Serva Electrophoresis) for 30 min at 37°C with constant shaking. The cell suspension was filtered through a 100-m filter and then centrifuged to separate floating adipocytes from the SVF pellet.
For cell culture, the SVF pellet was resuspended at 1 million SVF cells/ml of RPMI 1640 medium supplemented with 10% FCS and cultured under standard culture conditions at 37°C in a 5% CO 2 /air environment. After 1 h of incubation, medium containing non-adherent cells was aspirated and replaced with fresh complete medium. For flow cytometry analysis of macrophage content in SVF, cultured SVF cells were transferred to FACS tubes, and nonspecific antibody binding to FC-␥ receptors was blocked using mouse BD Fc block (BD Biosciences). Next, cells were incubated with antibodies for CD45, F4/80, and CD11b on ice for 30 min. Samples were acquired using an LSRII/Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo software Vx.0.7 (TreeStar, Ashland, OR). Dead cells were excluded with 7-amino actinomycin D. Macrophages were identified as CD45-positive/F4/80-positive/CD11b-positive.
Fatty Acid Preparations-Palmitate (catalog no. P5585, Sigma-Aldrich, Steinheim, Germany), stearate (catalog no. S4751, Sigma-Aldrich), and myristate (catalog no. M3128, Sigma-Aldrich) were prepared by diluting 100 mM stock solution in 70% ethanol/0.1 M NaOH into 10% fatty acid-free, low-endotoxin BSA solution (catalog no. A-8806, Sigma-Aldrich, adjusted to pH 7.4) to obtain a fatty acid:BSA molar ratio of 6:1. BSA was used in control incubations.
Macrophage-conditioned Medium-Macrophages were treated with palmitate in hypoxia for 24 h in serum-free medium. Two hours after treatment, the palmitate-containing medium was replaced with fresh serum-free medium without palmitate and incubated for an additional 22 h under hypoxia. Supernatants were collected, clarified by centrifugation, and used to stimulate adipocytes in a 1:4 dilution with culture medium for 24 h.
HIF-1␣, HIF-2␣, DUSP16, and DUSP1 Knockdown in Primary Human Macrophages-Knockdown of HIF-1␣, HIF-2␣, DUSP16, and DUSP1 was achieved using siRNA (siGENOME human SMARTpool, Thermo Scientific, Karlsruhe, Germany) at 50 nM and Hyperfect transfection reagent (Qiagen, Hilden, Germany) according to the recommendations of the manufacturer. Cells were treated 72 h post-transfection.
RNA Extraction and Quantitative Real-time PCR-Total RNA from human macrophages and adipocytes was isolated using PeqGold RNA Pure reagent (PeqLab Biotechnology, Erlangen, Germany), quantified using a NanoDrop spectropho-tometer (NanoDrop), and transcribed using the Maxima firststrand cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany). Total RNA from SVFs was isolated using PeqGold RNA Pure reagent and the RNeasy MinElute cleanup kit (Qiagen). Quantitative real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad) and the Bio-Rad CFX96 system. Primer sequences for quantitative PCR are available upon request. ␤2 microglobulin was used as an endogenous control for human macrophages, Actin as an endogenous control for human adipocytes, and 18S as an endogenous control for murine SVF cells.
Immunoblots-Macrophage lysates were resolved on 10% polyacrylamide gels followed by transfer onto nitrocellulose membranes. Membranes were incubated with antibodies against phospho-IRE1 (Ser(P)724, Abcam, Cambridge, UK); phospho-c-Jun (Ser-73, catalog no. 3270), total c-Jun (catalog no. 2315), phospho-p38 (Thr-180/Tyr-182, catalog no. 9216), total p38 (catalog no. 8690), phospho-ERK 1/2 (Thr-202/Tyr-204, catalog no. 9101), phospho-IB␣ (Ser-32/Ser-36, catalog no. 8219), and IB␣ (catalog no. 4814) (Cell Signaling Technology); and Actin (catalog no. A-2066, Sigma-Aldrich) followed by IRDye 680 and IRDye 800-coupled secondary antibodies (LI-COR Biosciences, Bad Homburg, Germany). Blots were visualized and quantified using the Odyssey imaging system (LI-COR Biosciences).
Cytokine Detection in Supernatants-Macrophage supernatants were analyzed for IL-6, IL-1␤, IL-8, IL-10, and TNF-␣ using a cytometric bead array (BD Biosciences) according to the recommendations of the manufacturer. Samples were measured using a LSRII/Fortessa flow cytometer (BD Biosciences) and analyzed by FCAP array software v1.0 (Soft Flow Inc.).
ROS Measurements-Mitochondrial ROS generation in macrophages was assessed by MitoSOX (Life Technologies), a red mitochondrial superoxide indicator. When in mitochondria, MitoSOX is oxidized by superoxide and exhibits red fluorescence. Macrophages were incubated with 5 M MitoSOX for 30 min at 37°C. Cells were then placed under hypoxia or left under normoxia for 30 min before treatment with or without palmitate for 1 h. Fluorescence was analyzed using a LSRII/ Fortessa flow cytometer (BD Biosciences).
Statistical Analysis-Graphical data are presented as mean Ϯ S.E. of at least three independent experiments. Gene expression and cytokine concentrations were analyzed by one-way analysis of variance with Bonferroni post hoc means comparisons with the significance level set at 0.05. Student's t test was used to determine the significance of Western blot densitometry. p Ͻ 0.05 was considered statistically significant (GraphPad, La Jolla, CA).
Results

Hypoxia Enhances Palmitate-induced Pro-inflammatory Cytokine Production in Primary Human Macrophages-
Recently, adipose tissue hypoxia has been reported in obese subjects and obese animal models (9, 17) . Because macrophages are a primary source of inflammatory cytokine production in the expanding adipose tissue, we questioned how hypoxia modulates saturated fatty acid-induced, pro-inflammatory signaling in macrophages (8) . Under normoxic conditions (20% O 2 ), palmitate increased the mRNA expression and protein secretion of TNF-␣, IL-6, and IL-8 compared with BSA alone. Under hypoxic conditions (1% O 2 ), palmitate enhanced the expression of IL-6, IL-8, and IL-1␤ as well as the secretion of IL-6 and IL-1␤ compared with normoxic palmitate treatments. In contrast, the expression and secretion of the anti-inflammatory cytokine IL-10 were reduced by palmitate treatment under both normoxia and hypoxia ( Fig. 1, A-J) .
To determine whether hypoxia also potentiates palmitateinduced pro-inflammatory activation in adipose tissue, we performed in vitro experiments using cultures of SVFs isolated from murine epididymal adipose tissue. Our flow cytometry analysis showed that 34.57% Ϯ 3.15% of viable cultured SVF cells were CD45ϩ/F4/80ϩ/CD11bϩ (data not shown). Under normoxic conditions (20% O 2 ), palmitate increased the expression of Tnfa, Il6, and Il1b in SVF cells compared with BSA alone. Under hypoxic conditions, palmitate significantly enhanced the expression of Il1b and Nos2 compared with normoxic palmitate treatments. Il10 was also reduced by palmitate treatment in both normoxic and hypoxic SVF cells ( Fig. 1 ,
Reduced Oxygen Levels Dose-dependently Potentiate Palmitate-induced, Pro-inflammatory Cytokine Expression-To determine whether moderate levels of hypoxia also enhance palmitate-induced, pro-inflammatory cytokine expression, we treated human macrophages with palmitate under 2.5% and 5.0% O 2 . At 2.5% O 2 , IL-6, IL-8, and IL-1␤ expression levels were enhanced by palmitate compared with normoxic palmitate treatments. At 5.0% O 2 , both IL-8 and IL-1␤ expression levels were enhanced by palmitate compared with normoxic palmitate treatments (Fig. 2 , A-D), suggesting that moderate hypoxia (Ͼ1% O 2 ) also potentiates palmitate-induced, pro-inflammatory cytokine expression. Furthermore, to determine whether the pro-inflammatory potentiation of palmitate under hypoxia is unique to palmitate, we treated macrophages with the longer-chain saturated fatty acid stearate (18-carbon chain) or the shorter-chain saturated fatty acid myristate (14-carbon chain). Under normoxic conditions, stearate increased the mRNA expression of TNF-␣, IL-6, and IL-8 compared with BSA alone, whereas, under hypoxic conditions (1% O 2 ), stearate further enhanced the expression of IL-6, IL-8, and IL-1␤ compared with normoxic stearate treatments. In contrast, myristate failed to induce cytokine expression under either normoxic or hypoxic conditions (Fig. 2, E-H) . Collectively, these results imply that palmitate-and stearate-induced pro-inflammatory activation of macrophages are potentiated by hypoxia.
Hypoxia Does Not Enhance Palmitate-induced ER Stress-To elucidate how hypoxia augments palmitate-induced, pro-inflammatory activation of macrophages, we first focused on mechanisms whereby lipids and hypoxia are known to induce inflammatory signaling. Both saturated fatty acids and hypoxia have been shown to induce the unfolded protein response, which can activate the MAPK and NF-B signaling pathways (21, 22) . We questioned whether hypoxia heightens palmitatetriggered ER stress. For this, we treated macrophages with palmitate under normoxia and hypoxia and analyzed the mRNA expression of the ER stress markers GRP78 and CHOP as well as phosphorylation of the ER stress sensor inositol-re-quiring protein 1 (IRE1). Treatment with palmitate under normoxia increased expression of GRP78 and CHOP as well as the phosphorylation levels of IRE1 at 9 h ( Fig. 3 , A-C) and 24 h (data not shown). Interestingly, under hypoxic conditions, palmitate did not further increase the ER stress markers. Furthermore, there were no differences in GRP78 or CHOP transcript levels or IRE1 phosphorylation between the normoxic and hypoxic control-treated (BSA alone) macrophages, suggesting that 1% O 2 does not induce the unfolded protein response in primary human macrophages. Collectively, these results suggest that augmented palmitate-induced inflammation in hypoxia is probably not mediated by increased levels of ER stress. Because ER stress and inflammatory signals may cause macrophage apoptosis, we tested the effects of palmitate and hypoxia treatments on macrophage viability using Annexin V/propidium iodide staining. Our results show that, under normoxia (20% O 2 ), 24-h palmitate treatments did not induce apoptosis in human macrophages. Although hypoxia (1% O 2 ) alone did not enhance apoptosis, the combination of palmitate and hypoxia did increase the levels of apoptosis in human macrophages (data not shown).
Palmitate-induced Cytokine Production under Hypoxia Is HIF-1␣and HIF-2␣-independent-HIFs are transcription factors that regulate cellular adaptation to reduced oxygen tension (23) . In addition to regulating metabolism, HIFs have been shown to increase pro-inflammatory gene expression in macrophages (24) . Our previous studies have shown that HIF protein levels increase in macrophages cultured in 1% O 2 (25) . To determine the role of HIFs in palmitate-treated macrophages, we used siRNA to silence both HIF-1␣ and HIF-2␣ individually or in combination (Fig. 4, A and B) and assessed changes in mRNA expression of a known HIF target gene, GLUT1, as well as pro-inflammatory cytokines. As expected, GLUT1 mRNA expression was reduced significantly in palmitate-or BSA-treated hypoxic macrophages upon HIF knockdown (KD) (Fig. 4C) . Interestingly, neither HIF-1␣nor HIF-2␣targeting siRNA or a combination of HIF-1␣ and HIF-2␣ siRNA reduced mRNA expression or protein levels of IL-6 ( Fig. 4, D and G) or IL-8 (Fig. 4, F and I) compared with hypoxic palmitate-treated control siRNA-transfected macrophages. Only a combination of HIF-1␣and HIF-2␣-targeting siRNAs modestly reduced the mRNA expression levels of IL-1␤, which translated to a slight but non-significant reduction of IL-1␤ protein compared with (Fig. 4, E and H) hypoxic palmitate-treated control siRNA-transfected macrophages. These results suggest that palmitate-induced production of IL-6 and IL-1␤ under hypoxia is predominately independent of both HIF isoforms.
Hypoxia Enhances Palmitate-induced Cytokine Production through MAPK but Not NF-B Signaling-The MAPK and NF-B signaling cascades are major inflammatory pathways activated by palmitate (11) . We determined whether either of these pathways contributed to enhanced palmitate-induced cytokine production in hypoxia. Evaluation of the phosphorylation levels of the JNK substrates c-Jun or p38 MAPK revealed time-dependent increases of phospho-p38 and phospho-c-Jun upon palmitate treatment (Fig. 5A ). Palmitate-induced phosphorylation of p38 and c-Jun was increased under hypoxia compared with normoxia ( Fig. 5, B and C) . Stearate-induced phosphorylation of p38 and c-Jun was also increased under hypoxia compared with normoxia, whereas myristate failed to induce a robust MAPK response under both normoxia and hypoxia (Fig.  5D ). BSA alone, under both normoxia and hypoxia, did not induce phosphorylation of p38 and c-Jun. Unlike p38 and c-Jun, ERK 1/2 phosphorylation levels were not enhanced by palmitate treatment under hypoxia. Severe hypoxia, less than 1% O 2 , has been shown to activate the NF-B signaling pathway in macrophages (26, 27) . However, in our experiments, exposure to 1% O 2 did not enhance the levels of palmitate-induced p-IB␣ compared with normoxia (data not shown). To further assess the contribution of p38 and JNK to IL-6 and IL-1␤ expression, we pretreated cells with inhibitors of p38 (SB203580) and JNK (SP600125). Under normoxia, neither inhibitor reduced the palmitate-induced expression levels of IL-6, IL-1␤, or IL-8 (Fig. 5, E-G) . However under hypoxia, both inhibitors suppressed the expression of palmitate-induced IL-6 and IL-8 (Fig. 5, E and G) . SP600125 also suppressed IL-1␤ expression under hypoxia, whereas SB203580 enhanced its expression ( Fig. 5F) . These results suggest that palmitate-enhanced cytokine induction under hypoxia is not mediated by enhanced NF-B signaling but is mediated, at least in part, through enhanced JNK activity. p38 MAPK activity may con- tribute to enhanced expression of some, but not all, cytokines under hypoxia.
NAC and MitoTEMPO Abolish Palmitate-induced c-Jun and p38 Phosphorylation and Cytokine Expression in Hypoxic
Macrophages-Hypoxia has been shown to induce cellular and mitochondrial ROS production through mechanisms not entirely understood (28 -32) . To determine whether incubation under hypoxic conditions (1% O 2 ) induces ROS production in macrophages, we measured mitochondrially derived ROS using MitoSOX. Our data show that ROS was increased after 1-h incubation under hypoxia but not altered by palmitate treatment (Fig. 6A ). Next, because tissue hypoxia has been shown to activate JNK in a ROS-dependent manner, which can be attenuated by the antioxidant N-acetylcysteine (NAC) (33, 34) , we determined whether NAC and the mitochondria-targeted antioxidant MitoTEMPO could inhibit palmitate-induced, pro-inflammatory cytokine expression under hypoxia. Although NAC failed to reduce palmitate-induced expression of IL-6, IL-1␤, and IL-8 under normoxia, both NAC and Mito-TEMPO significantly reduced expression levels of these cytokines under hypoxia (Fig. 6, B-D) . Furthermore, both NAC and MitoTEMPO pretreatment reduced palmitate-induced phos-phorylation of c-Jun and p38 in hypoxic macrophages compared with palmitate alone (Fig. 6, E-H) . These results suggest that hypoxia-induced intracellular ROS contribute to enhanced c-Jun and p38 phosphorylation, augmenting cytokine production in palmitate-treated macrophages.
Dual-specificity Phosphatase 16 (DUSP16) Negatively Regulates c-Jun Phosphorylation and Pro-inflammatory Cytokine
Production-MAPK inactivation occurs primarily through dephosphorylation of the threonine and tyrosine residues of the shared TXY motif by DUSPs, which dephosphorylate their substrates using a catalytic cysteine located in the conserved enzyme active center (35) . The catalytic cysteine is highly sensitive to oxidation and inactivation under conditions of elevated ROS production, such as hypoxia (36, 37) . Therefore, we questioned whether enhanced palmitate-induced JNK activity and cytokine production under hypoxia were mediated through reduced JNK-specific MAPK phosphatase activity. For this reason, we focused on DUSP16, because of its reported specificity for JNK in macrophages (37, 38) , and on DUSP1, a well characterized component of inflammatory signaling in immune cells (39, 40) . To examine their roles, we transfected macrophages with DUSP16-or DUSP1-specific siRNA. Our data show that DUSP1 was up-regulated markedly after 9-h treatment with palmitate under both normoxia (7.7-fold) and hypoxia (13.3fold) compared with DUSP16, which was up-regulated only modestly after treatment under hypoxia (1.8-fold). Both DUSP1 and DUSP16 remained low in DUSP siRNA-targeted cells (Fig. 7, A and F) . KD of DUSP16 or DUSP1 enhanced JNK activity, as assessed by c-Jun phosphorylation (Fig. 7, B and H) , but only KD of DUSP1 enhanced phosphorylation of p38 (Fig. 7,  C and I) . Furthermore, both DUSP16-and DUSP1-silenced cells showed significantly increased mRNA expression of IL-6 (DUSP16, 3.5-fold versus 1.7-fold in control cells; DUSP1, 3.4fold versus 1.9-fold in control cells) and IL-1␤ (DUSP16, 3.7-fold versus 2.2-fold in control cells; DUSP1, 5.3-fold versus 2.6-fold in control cells) after palmitate treatment under normoxia. However, under hypoxia, only DUSP1-silenced cells showed significantly increased mRNA expression of IL-6 (7.4fold versus 3.3-fold in control cells) and IL-1␤ (3.8-fold versus 2.3-fold in control cells) after palmitate treatment because hypoxia failed to further increase palmitate-mediated expression levels of IL-6 (3.6-fold versus 4.6-fold in control cells) or IL-1␤ (2.9-fold versus 3.4-fold in control cells) in DUSP16 KD macrophages (Fig. 7, D, E, J, and K) . The potentiation of palmitate in DUSP1-silenced but not DUSP16-silenced hypoxic macrophages suggests that DUSP16 may be inactivated under hypoxia.
Macrophage-conditioned Medium Induces an Inflammatory Response in Primary Human Adipocytes-Dysregulated adipocytokine production is associated with the pathophysiology of obesity-related metabolic diseases (2) . Therefore, we questioned how the palmitate-induced, pro-inflammatory response in hypoxic macrophages affects adipocytokine production in primary human adipocytes. For this, we treated human primary adipocytes with conditioned medium from palmitate-and hypoxia-exposed macrophages. The direct effects of palmitate on adipocyte gene expression were minimized by replacing palmitate-containing medium with fresh serum-free medium without palmitate after 2 h and incubating macrophages for an additional 22 h under hypoxia. Our data show that normoxic adipocyte cultures supplemented with macrophage-conditioned medium from hypoxic, palmitate-treated macrophages increased the mRNA expression levels of IL-6 and macrophage chemoattractant protein 1 (MCP-1) (Fig. 8, A and B) . Adiponectin transcript levels were reduced in adipocytes cultured with macrophage-conditioned medium from palmitate-treated macrophages under hypoxia (Fig. 8C ). Furthermore, supplementation of macrophage-conditioned medium from hypoxic, palmitate-treated macrophages pre-exposed to the JNK inhibitor SP600125, but not the p38 inhibitor SB203580, reduced mRNA expression levels of IL-6 and MCP-1 in normoxic human adipocytes (Fig. 8D) , further supporting the significance of JNK in augmenting the palmitate-induced, pro-inflammatory response in hypoxic primary human macrophages. Macrophage-conditioned medium did not alter insulin signaling in adipocytes, as assessed by Akt or AS160 phosphorylation and insulin-stimulated glucose uptake (data not shown). Collectively, these results indicate that hypoxia contributes to a proinflammatory milieu of adipose tissue by potentiating inflammatory macrophage polarization.
Discussion
Recent data suggest that hypoxia in expanding adipose tissue promotes a pro-inflammatory ATM phenotype (18) . Although saturated FFA-induced pro-inflammatory signaling pathways in macrophages are well documented (11, 14) , our understanding of how hypoxia modulates the response of ATMs to saturated FFAs is limited. To answer this question, we explored the role of hypoxia in palmitate-induced inflammation in primary human macrophages. Our data demonstrate that hypoxia potentiates the production of the palmitate-induced, pro-inflammatory cytokines IL-6 and IL-1␤. Enhanced macrophage pro-inflammatory cytokine production causes increased inflammatory responses in adipocytes exposed to macrophageconditioned medium, suggesting that hypoxia may potentiate a pro-inflammatory adipocyte-macrophage cross-talk.
Our major finding is that activation of JNK signaling is critical for the hypoxic enhancement of fatty acid-triggered inflammatory responses. We found that hypoxia enhanced palmitatestimulated p38 phosphorylation and JNK activity but not IB␣ phosphorylation. This is interesting considering that 1% O 2 has been shown to modestly induce phosphorylation of IB␣ in HeLa cells (41) , whereas severe hypoxia (0.1% O 2 ) stimulated the expression and phosphorylation of various proteins in the NF-B signaling pathway in macrophages (26) . Inhibiting p38 reduced IL-6 expression but enhanced IL-1␤, whereas JNK inhibition reduced the expression of both IL-6 and IL-1␤. These data imply that, unlike 0.1% O 2 , 1% O 2 failed to activate NF-B signaling in macrophages and that JNK activity is predominantly responsible for the hypoxic potentiation of palmitateinduced, pro-inflammatory activation of macrophages, whereas p38 plays a more complex role.
Considering the mechanism by which hypoxia enhances palmitate-induced JNK activity in macrophages, we initially addressed the role of ER stress. Both saturated fatty acids and hypoxia have been shown to induce the unfolded protein response (21, 22) , which activates JNK in an IRE1-dependent manner (42, 43) . Although palmitate increased phosphorylation of IRE1 and transcript levels of GRP78 and CHOP in macrophages, neither of these were enhanced further under hypoxia.
Given that both NAC and MitoTEMPO reduced palmitateinduced, pro-inflammatory cytokine expression and JNK activity under hypoxia (Fig. 6, B-D) , we questioned how hypoxiainduced ROS enhanced JNK activity. Because the catalytic cysteine in DUSPs have an unusually low pK a , they are highly sensitive to oxidation and inactivation (37) . Therefore, many stimuli that trigger ROS production in cells can transiently induce the oxidation and inactivation of DUSPs, leading to enhanced MAPK signaling. ROS-induced oxidation of DUSP1 and DUSP10 has been shown to enhance JNK activation in endothelial cells and mesangial cells, respectively (36, 44) . These findings indicate that hypoxia-induced ROS may enhance JNK activity in macrophages through DUSP inactivation. In macrophages, DUSP16 has been identified, along with DUSP1 and DUSP2, as the most strongly induced MAPK phosphatase (35) .However,ofthese,onlyDUSP16exclusivelydephosphorylates JNK (38) . Our data show that KD of both DUSP1 and DUSP16 in normoxic macrophages enhanced palmitate-induced, pro-inflammatory activation of IL-6 and IL-1␤, which approached or exceeded levels expressed in palmitate-treated hypoxic cells. In contrast, KD of DUSP1 but not DUSP16 enhanced the potentiation of palmitate in hypoxic macrophages, suggesting that DUSP16 is likely inactivated under hypoxia.
How DUSP16 activity is reduced under hypoxia remains a question for further studies. In addition to potential oxidation of the catalytic cysteine, various DUSPs use a non-catalytic regulatory cysteine to bind the catalytic cysteine, thereby reversibly inactivating the enzyme and protecting it from irreversible oxidation (37) . Amino acid alignment of DUSP16 shows that it contains a putative redox-regulatory cysteine in proximity to the catalytic cysteine (37) , suggesting that hypoxia may modulate DUSP16 activity through either direct oxidation of the catalytic cysteine or through a non-catalytic redox-regulatory mechanism. Although ROS-induced oxidation of DUSP1 has been reported in endothelial cells (36) , our data showed a 13.3fold induction of DUSP1 compared with only a 1.8-fold induction of DUSP16 following hypoxic palmitate treatment. This, together with our KD results, which showed enhanced potentiation of IL-6 and IL-1␤ by palmitate in DUSP1-silenced but not DUSP16-silenced hypoxic macrophages, suggests that the robust induction of DUSP1 could act to counteract ROS-mediated inactivation. In addition to ROS-mediated oxidation, DUSPs have also been shown to be regulated through nonredox mechanisms, including ubiquitination/proteasome pathway-mediated degradation (45) and altered subcellular distribution (46) . Our attempts to question the nature of DUSP16 modification under hypoxia so far failed because of the unsuitability of commercially available antibodies for immunopre-cipitation and Western blotting of DUSP16 in human macrophages (data not shown).
HIFs have been implicated in adipose tissue inflammation and insulin resistance (9, 47) . For this reason, we speculated that the potentiation of palmitate-induced, pro-inflammatory cytokines in hypoxic macrophages may be mediated by HIF-1␣ and HIF-2␣. Although siRNAs targeting both HIF isoforms reduced expression of the HIF target gene GLUT1, transcript and protein levels of IL-6 were not reduced, and IL-1␤ was only modestly reduced in double KD macrophages. Considering the variations in cell type, stimulus, and hypoxic treatment length, our results are mostly consistent with a recent report showing that hypoxia-enhanced LPS-induced IL-1␤ expression was reduced in Hif1␣-deficient murine macrophages (24) . Furthermore, that report showed that TNF-␣ was not affected, whereas IL-6 expression was inhibited by HIF-1␣. A possible explanation for the discrepancy with our results regarding IL-1␤ levels is that we used siRNA to knock down HIF-1␣ rather than knocking it out, which did not completely repress the HIF-1␣ transcript. Furthermore, our results could reflect the differences between acute and chronic hypoxia. Examining the role of HIF in ATMs has shown that in vitro exposure to hypoxia increased the expression of IL-6 and IL-1␤ but not TNF-␣, which strongly supports our findings (18) . Additionally, Choe et al. (47) have shown that knocking down HIF-2␣ enhanced palmitate-induced IL-6 expression, which is also in agreement with our findings. Collectively, although HIFs modulate various pro-inflammatory pathways, including IL1␤ expression, our data indicate that, during acute exposure to 1% O 2 , HIFs are not A-C, mRNA expression levels of IL-6 (A), MCP-1 (B), and Adiponectin (C) in normoxic adipocytes following treatment with macrophage-conditioned media. D, mRNA expression levels of IL-6 and MCP-1 in normoxic adipocytes following treatment with conditioned media prepared from hypoxic, palmitate-treated macrophages preincubated with 10 M SP600125 or 10 M SB203580. Expression in adipocytes incubated with conditioned media from C16:0-, vehicle-treated hypoxic macrophages was set to 1. E, proposed model by which decreased oxygen tension potentiates palmitate-induced, pro-inflammatory cytokine production in macrophages through enhanced JNK activity. Results are presented as mean Ϯ S.E. of at least five independent experiments. *, p Ͻ 0.05.
primarily responsible for potentiating the production of palmitate-induced, pro-inflammatory cytokines in macrophages.
Our results show that palmitate-induced, pro-inflammatory cytokines from hypoxic macrophages altered the expression of MCP-1, IL-6, and Adiponectin in primary human adipocytes. In addition to storing lipids, adipocytes possess an exceptionally active secretory system releasing many endocrine factors to facilitate cross-talk with other metabolic organs. These secreted factors are central to the dynamic control of energy metabolism but also display a strong immune regulatory function. In addition to recruiting blood monocytes to adipose tissue, MCP-1 has been reported recently to enhance obesityassociated adipose tissue inflammation by stimulating in situ ATM proliferation (5) . Although we did not detect changes in insulin signaling in adipocytes, changes in IL-6 and Adiponectin are significant considering that dysregulated secretion of these adipokines adversely effects insulin sensitivity in the liver and fatty acid oxidation in both the liver and skeletal muscle, which can result in dysfunctional metabolic homeostasis (48) .
It is well established that adipose tissue inflammation is a key component in the development of obesity-induced insulin resistance and associated metabolic diseases. Although the accumulation of macrophages in adipose tissue is the initial event in obesity-induced inflammation, the early events that initiate the inflammatory response are less well understood. Our results demonstrate that hypoxia enhances palmitate-induced, pro-inflammatory cytokine production in primary human macrophages through ROS-dependent modulation of JNK activity (Fig. 8E) , which is capable of modulating adipocytokine production in primary human adipocytes. Therefore, the coexistence of low oxygen levels along with FFA in obese adipose tissue may promote an inflammatory shift of the ATM phenotype.
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